heterogeneity seems to result from random stops of reverse transcription during minus-and plus-strand synthesis. The DNA carried by human immunodeficiency virus type 1 virions presumably originates from reverse transcription which takes place prior to or during formation of the mature virus particle.
Reverse transcriptase (RT) is a versatile enzyme which modulates several activities: RNA-dependent DNA polymerase (which is unusual among DNA polymerases), DNAdependent DNA polymerase (similar to cellular DNA polymerases), and an RNase H activity which removes the transcribed RNA (1, 30, 32) . Human immunodeficiency virus type 1 (HIV-1) RT uses tRNA3YS as a primer to initiate the synthesis of a DNA minus strand complementary to the genomic RNA (32) . While reverse transcription is proceeding, the RNase H activity digests the transcribed RNA, with the exception of two polypurine-rich stretches which are used by RT as primers for the synthesis of the DNA plus strand (32) . The reverse transcription mechanism may involve RNA or DNA binding proteins, which for HIV-1 likely include the nucleocapsid proteins p7 and possibly p6 (2) . However, the interactions which occur between the RT and other viral components during virion assembly and maturation are poorly understood. Reverse transcription is believed to occur only after a retrovirus has entered the target cell (32) . At this time the mature form of RT converts the viral RNA into a DNA provirus which integrates into the host cell DNA and acts as a template for the production of viral RNA and proteins. These proteins are generally expressed as precursor molecules, including the Gag/Pol precursor, which is cleaved to yield mature RT during or after release of nascent virus (32) . Since the Gag/Pol precursors of HIV-1 and other retroviruses have been shown to be enzymatically active (5, 12, 14, 20) , reverse transcription could conceivably be mediated by either the Gag/Pol precursor or mature RT before or during the formation of a virus particle. Indeed, some RT-dependent DNA viruses have been shown to use reverse transcription during their replication cycle (8, 15, 29) . In these viruses the viral RT catalyzes the synthesis of an incomplete DNA form which is then carried by the mature viral particle (3, 29) . In this report, we asked whether HIV-1 RT could also operate at these early stages of the HIV-1 life cycle and, consequently, whether viral DNA could be carried by mature viral particles. * Corresponding author.
MATERIALS AND METHODS
Purification of HIV-1 virions and HIV-1 RT. HIV-1(HTLV-IIIB) virions were double banded by sucrose gradients from the supernatant of chronically infected H9-IIIB cells as described previously (7) . RT was purified from HIV-lIIIB by immunoaffinity chromatography as described previously (7) . Briefly, purified immunoglobulin G from the anti-HIV-1 RT monoclonal antibody M3364 was coupled to activated CHSepharose 4B by incubation for 16 h at 4°C in 40 ml of 0.1 M sodium bicarbonate, pH 8.0, containing 0.5 M NaCl. The gel was washed and further incubated for 1 h at room temperature in 40 ml of blocking medium to block remaining protein binding sites on the gel. The gel was packed into a column and extensively washed and equilibrated with phosphatebuffered saline (PBS) containing 0.1% Triton X-100. An extract of HIV-1111B was applied to the immunoglobulin G-Sepharose column. The unbound proteins were collected, and the column was washed extensively with PBS. Proteins bound to the column were eluted with 0.2 M ammonium hydroxide and neutralized and concentrated by dialysis against 30% polyethylene glycol 6000 in 50 mM Tris-HCl, pH 8.0, containing 0.1 M NaCl, 8 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride. For enzyme assays, 1 mg of bovine serum albumin per ml was added to an aliquot of the concentrated column eluate as a preservative.
Sucrose density analysis of HIV-1. PCR procedures. DNA was extracted from all samples as described previously (22) . PCR amplifications were performed as described previously (33) . Quantitation of HIV-1 DNA during PCR amplification was obtained by comparison with a standard curve of serial dilutions of pHXB2(Rip7) plasmid DNA (16) . The copy number used for the standard curve ranged from 10 to 1,000 copies, as indicated in the figures. The samples were loaded onto a 10% polyacrylamide gel and run at 50 V for 2 h. The gels were exposed to autoradiography for 3 (Fig. 1A , B, and C). Viral DNA was found to be associated with the purified virions. This DNA was completely insensitive to DNase treatment of the intact viral particles, as demonstrated by determination of the amount of DNA in the pelleted virus before and after DNase treatment (Fig. 1A) , thus suggesting that the DNA is specifically contained within the virion. In contrast, the same DNase treatment completely digested all the extraviral DNA present at low levels in the supernatant fraction (Fig. 1A) . To exclude the possibility that the DNA in the viral pellet could be contained in subviral particles or cellular debris (and therefore might not be affected by DNase treatment), HIV virions were first treated with DNase and then were subjected to sucrose density centrifugation. Fractions from the sucrose gradient were analyzed for the presence of viral DNA, RT activity, and viral proteins. The association between complete HIV-1 particles and viral DNA was demonstrated by the almost perfect correlation between the peaks of RT activity, amounts of DNA, and positivity for viral proteins as detected by immunoblot assay (Fig. 1B) . These results strongly argue against the presence of DNA as due to nonspecific contamination. Furthermore, the concomitant presence in the same fractions of the major capsid protein p24 and the external envelope protein gpl20 with the DNA suggests that this DNA is carried by complete mature viral particles. Treatment of lysed virus from positive fractions with DNase but not RNase before PCR analysis eliminated the positive signal, confirming the DNA nature of the sequences amplified by PCR (Fig. 1C) .
The viral DNA carried by HIV-1 is heterogeneous in size. To further analyze the nature of the DNA carried by HIV-1 particles, the gradient fractions were extracted and a quantitative PCR assay, previously applied to quantitate HIV-1 DNA in infected peripheral blood mononuclear cells (33) , was employed to amplify several regions of the HIV-1 genome. The primers used to amplify the viral DNA were M667/AA55 (33) (R-U5 in Fig. 2 ), M667/BB301 (33) (R-PB in Fig. 2) , and M667/M661 (33) (R-gag in Fig. 2 ). M667 is a sense primer in the R region of the long terminal repeat (LTR). AA55 is an antisense primer immediately 5' to the PB (tRNA primer binding) region. The M667/AA55 primer pair amplifies the minus-strand region initially synthesized by RT. BB301 is complementary to the PB region. Amplification by M667/BB301 can be achieved in the presence of plus-strand DNA which has been synthesized starting at the polypurine tract upstream from the right LTR and, after jumping to the other end of the template, extended up to the PB region (32) . The minus strand which is not fully completed is not expected to be amplified because sequences complementary to the PB are RNA, which has been digested in these experiments (Fig. 2) . M661 is an antisense primer in the gag region. Amplification by M667/M661 reflects the presence of complete minus-strand DNA. These primers were designed to estimate the extent of reverse transcription at three replicative steps: (1) initial minus-strand synthesis, (2) initial plus-strand synthesis up to the tRNA primer binding region, and (3) complete minus-strand synthesis ( Fig. 2A) . Steps 1, 2, and 3 occur in subsequent order during reverse transcription (32) . DNA synthesis is finally completed with the formation of the full-length double-stranded DNA. If the DNA carried by the virus were a full-length double-stranded DNA, the three regions analyzed by quantitative PCR should be amplified to equivalent levels. However, the virus-associated DNA did not appear to be equally represented in the three regions analyzed (Fig. 2B) . The majority of the DNA appeared to represent early synthesis of the minus strand in the R-U5 region of the LTR, while a smaller portion of DNA appeared to be a product of complete minus-strand synthesis (R-gag in Fig. 2 ). The amount of initial plus-strand DNA synthesized up to the tRNA primer binding site (R-PB in Fig. 2 ) also appeared to be greater than that of the complete minus strand, indicating that the synthesis of plus strand had efficiently started. The progressive decrease of the DNA amounts from step 1 to step 3 indicated that the synthesis by RT decreased with the distance from the origin of retroviral DNA replication.
Previously we determined that immunoaffinity-purified RT could mediate a Mg2" dependent, RNase-insensitive, endogenous polymerase activity in the absence of exogenously added template-primer (13) . This was found to be due to the fact that the RT copurified with the virus-associated DNA, as shown in Fig. 2B . We took advantage of these findings in order to further characterize the nature of the endogenous DNA template. To determine which region of the viral DNA (A) Double-banded purified virus (8 ml) was centrifuged, and the supernatant was saved for PCR analysis (supernatant DNAse-). The pellet was resuspended in 8 ml of TN (virus pellet DNAse-) and subjected to DNase treatment. After extensive washing in TNE to eliminate the DNase, the virus was centrifuged and the supernatant was saved for PCR analysis (supernatant DNAse+). The pellet (virus pellet DNAse+) was resuspended in 8 ml of TNE. Ten microliters each from the supematant DNase-, pellet DNase-, supematant DNase+, and pellet DNase+ was analyzed by quantitative PCR using primers M667/AA55. (B) The data illustrated in the graph are relative to the first 12 fractions (the remaining fractions were negative for all the assays performed) of HIV-1 sucrose density analysis. The quantitation of the number of HIV-1 DNA molecules was performed after PCR by measuring the intensity of each band (the bands are reported below the graph as PCR) as quantified by absorbed P-emission using a Molecular Dynamics PhosphorImager in comparison with a standard curve of serial dilutions of HXB2(RIP7) plasmid DNA (16) . Some representative fractions (fractions 3, 6, 7, 8, and 11) analyzed by immunoblot are designated WB. (C) Virions from fraction 7 (panel B) of sucrose density gradient were lysed, and three aliquots were preincubated without DNase or RNase (control), with DNase-free RNase (RNAse+), and with RNase-free DNase (DNAse+). Quantitative PCR was performed by using primers M667/AA55. acted as a template for RT, the labelled product of the RT endogenous reaction was hybridized to a Southern blot of cloned HIV-1 DNA [pHXB2(Rip7)] (16) digested with several restriction enzymes. The fragments which most intensely hybridized with the DNA probe generated by the RT endogenous reaction (Fig. 3b) shared a minimum common region located between the PvuII and XhoII sites at nucleotides 3925 to 5047 (23) . The PvuIH-XhoII region contains a polypurine tract (nucleotides 4365 to 4380) used as a primer to initiate plus-strand DNA synthesis. A synthetic oligomer specific for this region was shown to hybridize to the same fragments which were most intensely labelled by the RT endogenous probe (Fig. 3c) , whereas a probe representing the full-size HIV-1 genome gave a completely different pattern (Fig. 3a) active molecular clone of HIV-1 [pHXB2(Rip7)] (16) . Since cos-1 cells lack the CD4 receptor, a secondary infection by virus released from the transfected cells should not occur. This was confirmed by using the virus produced after cos-1 transfection to subsequently infect fresh nontransfected cos-1 cells. PCR analysis of these cells did not reveal any viral DNA (data not shown). In such-a system, any products of DNA synthesis by reverse transcription would have to be generated independently from infectious events. RT was purified from the virus released into the supernatant and shown to mediate DNA-dependent endogenous activity. These endogenous transcripts were similar to the transcripts obtained from the endogenous synthesis by RT purified from virus produced by H9 chronically infected cells. In both cases, the transcripts hybridized to the same regions of HIV-1 genome (Fig. 4) . This indicates that the same incomplete DNA was also present in viruses produced after transfection. Thus, RT activity indeed occurred in the absence of cell infection, as has previously been shown in cells infected with some other retroviruses (24, 31) . Moreover, the partially completed product of this reverse transcription was packaged into viral particles.
Preformed viral DNA is carried by infectious virions. The human CD4+ T-cell line CCRF-CEM was exposed to cellfree HIV-1IIIB from chronically infected MOLT-3 cells and subsequently analyzed at different time intervals for the presence of viral DNA by PCR amplification. A sharp positive signal was obtained when the incubation was carried out for only 3 min at 4°C (Fig. 5, lane 1) . Since at this temperature only adsorption, and not fusion or entry of the virus, has been demonstrated to occur (10, 19) , these results are consistent with the presence of preformed DNA in the viral particle. To rule out the possibility of contamination from extraviral DNA originating from cell lysis, experiments were reproduced after DNase treatment of the intact virus (data not shown). Trypsin treatment after harvest of the CCRF-CEM cells almost completely eliminated the signal (Fig. 5, lane 2) by detaching the adsorbed DNA carrying virus from the cell surface. In contrast, at 37°C, the signal was only partially abolished by trypsin treatment (Fig. 5,  lanes 5 and 6) . The DNA signal not abolished by trypsin treatment (Fig. 5, lane 6) could result from fusion and entry of the virus carrying preformed DNA but also from synthesis of new DNA after virus entry. However, entry of preformed DNA was also suggested by the fact that no trypsin-detachable DNA remained on the external cell surface after 24 h (Fig. 5, lanes 7 and 8) . These results were consistent with the presence of viral DNA within HIV-1 infectious virions, since the DNA entered the target cells as if it were encapsulated by viral particles. The same results were obtained by using other HIV-1 isolates, namely, HIV-1RF (21) and HIV-1MN (26) (data not shown). Fig. 3 inability of the PCR to discriminate in that area between the med in these nascent plus strand and the complete minus-strand template.
from two difHowever, we presume that this plus-strand DNA (especially by H9-IIIBin the central part of the genome) should be the most poorly Lnsfected cells represented, since it is synthesized last during retroviral reverse transcription (32) . This could also explain why the endogenous RT synthesis in vitro, illustrated in Fig. 3 , is mainly concentrated in the central part of the plus strand. Indeed, if the plus strand is particularly poorly represented in the DNA which copurifies with HIV-1 RT, the enzyme iral DNA is would function in vitro in order to complete the synthesis of comigrated this region. However, these results do not preclude the ient; (a) the possibility that a minority of molecules could be complete ie intact viral double-stranded DNA. A very similar mechanism has been re to DNase described for the hepatitis B and cauliflower mosaic viruses (8, 15, 29) . In the life cycle of these viruses, the viral RT arly reverse catalyzes the synthesis of an incomplete DNA form, coma premature posed of an almost fully synthesized minus strand and a ;i RT mature partially synthesized plus strand (8, 15, 29) . Both RT and DNA are then carried by the mature viral particle (3). The synthesis of the plus-strand DNA is finally completed when the virus enters a newly infected cell (8, 15) . To our knowledge, this is the first demonstration that retroviral DNA synthesized before or during maturation can be carried by HIV-1 particles. We do not know whether 7 8 DNA is present only in HIV-1 or in other lentiviruses. However, low-molecular-weight DNA with primer functions has been copurified with 70S RNA in Rous sarcoma virus (6) . Several data suggested that the HIV-1 virions carrying DNA are mature and infectious. (i) The highest number of DNA molecules in a sucrose density gradient was coincident with the highest concentration of viral RT, p24, and gpl20, indicating that the DNA is carried by complete mature virions and not subviral particles. (ii) In a time course experiment, the DNA entered infected cells as if it was IIV-1-exposed carried by infecting viral particles (Fig. 5) . (iii) Experiments )ernatant from are on course to estimate the ratio between the number of lanes 1 to 4) or DNA molecules carried by HIV-1 virions (estimated byphagetropic isolate (BaL) (9) , indicated that the ratio of the number of DNA molecules and number of infectious viruses was fairly constant from one experiment to the next, being approximately 1:1 ± 10 (11). The consistency of this ratio seemed even more significant since it was maintained in different experiments in which the 50% tissue culture infective doses varied by several orders of magnitude. It has been reported (18) that one 50% tissue culture infective dose approximately corresponds to 200 HIV-1 virions. We do not know whether virion-associated DNA is required for a particle to be infectious. However, the observation that DNA can be synthesized prior to formation of a viral particle could explain the postintegrational effects of AZT (zidovudine) on virus production in chronically infected cells (25) . The biological role of the DNA in HIV-1 virions can only be speculative at this time. We propose that one role might be to help maintain the virus in a latent form more stable than RNA in cells which are not in a metabolic state compatible with viral replication. Indeed, a similar incomplete DNA, which is putatively involved in virus latency in quiescent primary lymphocytes infected with HIV-1, has been recently described (33) . Since the same DNA was shown to be completed and integrated after stimulation of T lymphocytes (4, 28, 33) , it appears to represent a way to preserve the viral genomic information in a stable form until the cell becomes activated and therefore permissive for the completion of reverse transcription (33) and integration (4, 28 In conclusion, we propose that HIV-1 has the potential to adopt different strategies of replication, which may include partial reverse transcription prior to entry of the target cell. This potential may be important for viral latency in nondividing lymphocytes, which are known to play a major role in the pathogenesis of AIDS.
